The new Θ probe, which is used in eddy current testing, has various advantages compared to previous probes. In the present study, the fundamental characteristics of this probe are first investigated using commercially available aluminum plates. The effects of liftoff and the angle between the detecting coil and the flaw on the flaw signal are then clarified. The effects of the flaw dimensions on the flaw signal are also investigated, and it is shown that the amplitude reaches a constant value for a flaw depth of H > 8 mm, a flaw width of W > 7 mm, and a flaw length of L > 20 mm, within the experimental conditions of the present study. Next, the monitoring of crack initiation under static loading and crack growth under the low cycle fatigue condition in the duralumin plates is attempted by applying the Θ probe combined with the caustic method. It is shown that the signal amplitude can be obtained when fracture is initiated under static loading. In addition, in the A7075 plate, the amplitude is increased at the fatigue crack growth rate of da/dN larger than 0.017 mm/cycle. Consequently, the possibility of crack monitoring using the Θ probe is confirmed.
Introduction
The detection of cracks in various machine structures, such as atomic power plants and airplanes, is critical in order to prevent fracture. The eddy current testing method is one technique that has been proposed for the detection of such cracks. However, the detection accuracy of cracks in the usual surface coil by eddy current testing method is rather low (1) , because the change in liftoff, the distance between the specimen and the probe, influences the signal amplitude of the surface coil. Recently, a new eddy current probe with minimal liftoff noise, called the Θ probe, was developed by Hoshikawa et al.
(1) (2) . A number of studies (1) - (3) have examined the fundamental characteristics of the eddy current testing using the Θ probe with respect to phase angle analysis and the influence of the small flaw to the flaw signal. In addition, the effect of liftoff on the phase angle has been investigated using brass plates (2) . In contrast, crack monitoring is studied using the eddy current testing method. Fukutomi et al. investigated crack detection in the land-based gas turbine blades using a conventional surface coil (4) . Kasuya et al. studied the method of quantitative crack monitoring based on the in-situ Eddy Current Monitoring system and revealed that it is possible to monitor quantitatively the crack growth process by this system (5) . However, there has been no study on the application of the Θ probe for monitoring crack initiation.
In the present paper, the effects of liftoff and flaw dimensions on the flaw signal are investigated experimentally in detail using commercially available aluminum plates. In addition, the monitoring of crack initiation and crack growth in duralumin plates under static and low cycle fatigue conditions is attempted by applying the Θ probe combined with the caustic method (6) (7) . The relationship between the flaw signal of the Θ probe and fracture is investigated by observing the deformation in the vicinity of the crack tip by the caustic method. The Θ probe consists of a detecting tangential coil and an exciting pancake coil, as shown in Fig. 1 . The eddy current is generated in the specimen when an alternating current is given to the exciting coil and a reacted magnetic flux arises due to this eddy current. The voltage of the detecting coil does not change when there is no flaw in the specimen. When a flaw exists in the specimen, as shown in Fig. 2(a) , the electromotive force is generated in the detecting coil as the eddy current flows along the flaw and the component of the eddy current D A can be detected. On the other hand, no electromotive force can be detected when the detecting coil is located just on the flaw, as shown in Fig. 2(b) , because the eddy current in both sides of the flaw can be mutually cancelled. Moreover, the component of the eddy current D B can be detected when the detecting coil passes over the flaw, as shown in Fig. 2(c) . Finally, the flaw signal shown in Fig. 2(d) can be obtained in the eddy current testing using the Θ probe. The fundamental principle of the caustic method is that the reflected light beam on the surface of a specimen with a crack forms a caustic pattern. The reflected caustics is employed because the specimen material considered in the present study is metal. By measuring the size D of this caustic pattern, the stress intensity factor K Ⅰ can be determined as follows:
Nomenclature
where z 0 is the distance between the screen and the specimen, t is the thickness of the specimen, and λ is the optical magnification factor. The value c 0 is an optical constant, which is obtained by the equation c 0 = µ/E for reflected caustics. Finally, µ and E represent Poisson's ratio and Young's modulus, respectively. Figure 3 shows the shape of the specimen used to study the fundamental characteristics of the Θ probe. The material of the specimen is commercially available aluminum plates. An artificial flaw was produced using a high-speed cutter or by electrical discharge machining. The dimensions of the specimen are shown in Table 1 Table 1 were also used to examine experimentally effects such as liftoff. Figure 4 illustrates the specimen that was used to attempt the detection of crack initiation under static and repeated loading conditions. In this case, A7075 and A2024 plates, which are widely used as structural materials, were employed. Specimens with an artificial notch of 0.3 mm in width as well as specimens with natural cracks that were produced in fatigue testing were prepared. The total length a of the crack of the specimen shown in Fig. 4 is approximately 10 mm. The surface of the specimen was highly polished in order to apply the caustic method. The Θ probe was fixed at the notch tip or at the crack tip, and the specimen was loaded by three-point bending, as shown in Fig. 4 . Figure 5 shows the experimental apparatus used to investigate the fundamental characteristics of the Θ probe. The eddy current testing device (3) is a SUPER TESTER ET-1-2 (Marktec Corp.). In this experiment, a Θ probe with an outer diameter of 7 mm (exiting coil diameter: 5 mm) is used, and the test is performed by installing the detecting coil essentially parallel to the flaw. A scanning device, by which it is possible to control the probe velocity, is also used. The flaw signal data in the eddy current testing is stored by a personal computer after passing through an oscilloscope. The experimental frequency, amplification, and scanning speed were 25 kHz, 30 dB, and 0.15 m/s, respectively.
Specimen

Experimental Apparatus
Fig .5 Fundamental apparatus of eddy current test using the Θ probe Figure 6 shows the overall experimental setup of the eddy current testing combined with the caustic method. The apparatus used for the eddy current test, shown in Fig. 6 , is the same as that shown in Fig. 5 , but a Θ probe with an outer diameter of 11 mm (exciting coil diameter: 9 mm) is employed in order to obtain data over a wide area of the specimen. The Θ probe was fixed to the specimen. The experiment was carried out under three-point loading using a universal testing machine (AGS-1000B, Shimadzu Co.). The experimental frequency and amplification were 25 kHz and 30 dB, respectively. In the caustic method, the 
Experimental Results and Discussion
Fundamental Characteristics of the Θ Probe
(1) Influence of liftoff Figure 7 shows the effect of liftoff y on the flaw signal of the Θ probe. The flaw depth H, flaw width W, and flaw length L were H = 6.7 mm, W = 0.4 mm, and L = 50 mm, respectively. Figure 7 shows that the amplitude V is decreased and the phase angle φ is delayed as the liftoff y is increased. The experimental results described in Fig. 7 have a similar tendency to those reported previously using brass plates (2) . Figure 7 reveals that the Θ probe enables experimentation at a liftoff of 2 mm for the aluminum plates and that a liftoff of 3 mm can be employed if a large amplification is used.
Although the experimental condition is slightly different, the experiment was repeated five times for this test, and results similar to those shown in Fig. 7 were obtained. The effects of the angle χ between the detecting coil and the flaw on the amplitude and the phase angle are analyzed. The angle χ is defined to be 0 when the detecting coil is positioned parallel to the flaw, as shown in Fig. 8 . The liftoff is set to be 1 mm. In this experiment, the flaw depth H is 2 mm, the flaw width W is 0.4 mm, and flaw length L is 50 mm. The experimental results shown in Fig. 9 indicate that the amplitude reaches a maximum at χ= 0, where the detecting coil is parallel to the flaw, and reaches a minimum at χ= π/2. Since the component y of the eddy current along the direction of the wound coil, as shown in Fig. 8 , can be detected by the Θ probe, the amplitude is essentially zero at χ= π/2 where the detecting coil is positioned vertical to the flaw. Although a slight variation is observed in the phase angle at χ=π/2, the flaw signal is very small and the effect of the noise of the experimental apparatus becomes relatively large in this case. Therefore, it is considered that no change in the phase angle with respect toχwill occur.
In this test, the experiment was repeated three times and results similar to those shown in Fig. 9 were obtained. H was observed to be large until H ≒ 8 mm. The value of V reaches a constant value at W ≒ 7 mm and at L ≒ 20 mm. The phase angle φ is delayed as the flaw depth is increased and reaches a constant at H > 8 mm. On the other hand, the effects of the flaw width and flaw length on phase angle were not so large.
In this test, we repeated the experiment three times. All of the experimental results showed a tendency similar to that of the data shown in Fig. 10 and yielded approximately the same limiting values of H, W, and L, which give a constant amplitude.
Detection of Crack Initiation Under Static Loading
(1) Effect of η on crack detection sensitivity Before carrying out the experiment on the detection of crack initiation, the effect of the angle η between the detecting coil and the flaw shown in Fig. 11 on the sensitivity of crack detection is investigated. In this test, the Θ probe is fixed at one point above the notch tip, as shown in Fig. 11 . When the crack began to extend at fracture, a change in the eddy current occurs at the crack tip. Therefore, the output voltage can be detected by the Θ probe. An A7075 plate with an artificial notch of 10 mm in length, shown in Fig. 4 , is used in this investigation. The Θ probe with a diameter of 11 mm was positioned at 5.5 mm upward from the notch tip. In this investigation, the experimental conditions of the liftoff and the amplification were 1 mm and 20 dB, respectively. In the specimen with the notch, brittle fracture occurred, accompanied by a large amplitude of the Θ probe. Figure 12 shows the relationship between η and the amplitude of the Θ probe that was obtained immediately at fracture. This figure shows that the amplitude becomes a minimum at η = 0 and π/2 and reaches a maximum at η =π/4. When the Θ probe is practically applied to the structural member, it is generally not possible to determine the angle η beforehand. Therefore, the angle η = π/2, which gives a small amplitude, is employed in the following experiments to verify the possibility of applying this technique to practical structures. The detection of fracture initiation is attempted using A7075 duralumin plates under three-point bending, as shown in Fig. 4 . The specimen with a natural crack of 7 mm in length is studied. The Θ probe with a diameter of 11 mm is employed, and the experiment is performed by fixing the center of the probe at 5.5 mm to upward from the crack tip. The probe is installed such that the direction of the detecting coil is at a right angle to the crack line and the liftoff is 1 mm. An example of the obtained caustic pattern is shown in Fig. 13 . 
is observed in the specimen, and a large amplitude is observed. In addition, a change in the sign of the amplitude is observed at points C and D. This is considered to be caused by the change in the mutual positions of the crack tip and the Θ probe, which is induced by the crack extension. As mentioned above, it is possible to detect the initiation of a crack under static loading using the Θ probe. The experimental result in Fig. 15 is obtained by setting a high pass filter (HPF) at 5 Hz. Although it is not possible to remove the HPF from the eddy current test equipment used in this experiment, if it were possible, then some change in the variation of the amplitude in Fig. 15 is expected to occur. We intend to investigate this point in the future. Crack monitoring of the A2024 plate, which indicates more ductile fracture behavior compared to A7075, is also investigated. The experimental conditions are the same as those used for the A7075 plate, and no amplitude was observed in this case. Figure 16 shows the experimental result obtained using a liftoff of 0 mm for the specimen with a notch. Although the conditions by which a large amplitude of the Θ probe can be obtained are unique, there is no definite change in the amplitude, as shown in this figure. Consequently, it is considered that crack monitoring is impossible in the A2024 plate.
The value of S/N is approximately 2 ~ 6 for the experimental results of V x shown in Fig.  15 . Experiments concerning the results in Figs. 15 and 16 were carried out using two test specimens in each case, and results similar to those in Figs. 15 and 16 were obtained. This confirms that the experimental results shown in Fig. 15 indicate the possibility of crack monitoring in the A7075 plate.
In the A2024 plate, which is more ductile than the A7075 plate, as mentioned above, fracture occurred without fracture sound or a slight drop in load, which were observed in 
Vx Vy
Vx Vy the A7075 plate, and the crack extended slowly. Such a difference in the fracture behavior is considered to be the reason why crack monitoring is possible in the A7075 plate, but is not possible in the A2024 plate. 
Detection of Crack Growth Under Low Cycle Fatigue Condition
The amplitude of the Θ probe is measured when the crack began to extend from a notch under the repeated loading condition. The Θ probe of 11 mm in diameter was fixed with its center at 5.5 mm upward from the notch tip. The probe is installed such that the direction of the detecting coil is at a right angle to the crack line and the liftoff is 1 mm. Crack length is measured using an optical microscope with a magnification factor of 30. A low cycle fatigue test was performed at a stress ratio R of 0 under three-point loading. The testing machine is arranged such that the initial stress intensity factor range was ΔK ≒ 20 MPa·m 1/2 , and the experiment was performed at a constant displacement.
The experimental results for the A7075 plate are shown in Fig. 17 , which shows the effects of the fatigue crack growth rate da/dN on the amplitude V and the phase angle φ. In this figure, the values of (ΔK Ⅰ ) th and (ΔK Ⅰ ) exp are also illustrated to show the deformation 
state in the vicinity of the crack tip. Although the values of (ΔK Ⅰ ) th and (ΔK Ⅰ ) exp coincide in the initial stage, (ΔK Ⅰ ) exp becomes larger than (ΔK Ⅰ ) th as deformation proceeds, which means that plastic deformation occurred at the crack tip. The results shown in this figure indicate that the amplitude V is increased and the phase angle is delayed when the value of da/dN becomes larger than 0.017 mm/cycle. Thus, it is verified that fatigue crack monitoring is possible using the Θ probe for large fatigue crack growth rates. It is considered that fatigue crack monitoring by the Θ probe will be possible even at smaller value of da/dN if the experiment is carried out with small liftoff and large amplification.
In this test, an experiment was carried out using three test specimens, and results similar to those shown in Fig. 17 were obtained. Consequently, the reproducibility of the results shown in Fig. 17 is considered to be fairly good.
Conclusions
The fundamental characteristics of the Θ probe were investigated using commercially available aluminum plates. In addition, the possibility of detecting crack initiation in duralumin plates under static and low cycle fatigue conditions was investigated by applying the Θ probe combined with the caustic method. The experimental results obtained under the experimental conditions of the present study are as follows:
(1) The effects of liftoff and the angle between the detecting coil and the flaw on the amplitude and the phase angle of the Θ probe were clarified. (2) The effects of the flaw dimensions on the flaw signal were determined. The amplitudes of specimens with various flaw depths H increased greatly to H ≒ 8 mm. The amplitude reached a constant value for the specimen with flaw width W of more than 7 mm and for the specimen with the flaw length L of more than 20 mm. (3) The effect of η, the angle between the detecting coil and the flaw, on the amplitude at initiation of fracture in A7075 plate with a notch under static loading was analyzed, and the amplitude was shown to reach a maximum at η = π/4. (4) A large amplitude could be obtained at crack initiation for the A7075 plate with a natural crack by setting η = π/2 under static loading over a wide range of deformation states in the vicinity of the crack tip. Crack monitoring in the A7075 plate using the Θ probe was verified to be possible. However, crack monitoring was not possible in the A2024 plate. (5) The amplitude could be observed at a fatigue crack growth rate greater than 0.017 mm/cycle by applying the Θ probe on the A7075 plate, and the possibility of fatigue crack monitoring using the Θ probe was confirmed.
